Infection of mouse L-2 fibroblasts with mouse hepatitis virus (MHV) results in strong inhibition of host cell protein synthesis. Since it has been suggested in other virus systems that translational control is modulated by changes in the intracellular ionic environment, we investigated the possible occurrence of similar changes during MHV infection. Membrane permeability to extracellular sodium ions was measured by culturing MHV-infected cells in the presence of 22Na+. Sodium influx into MHVinfected cells rose dramatically from 4 to 6 h post-infection. This influx correlated chronologically with the expression of MHV-mediated cell fusion. Cell fusion was blocked by the addition of a monoclonal antibody against the MHV E 2 glycoprotein. This addition also resulted in a reduction in the normal influx of 22Na+, suggesting that E 2 expression was responsible, directly or indirectly, for the increased permeability to sodium ions in infected cells. Cultures of MHV-infected cells were labelled with [35S]methionine in the presence of medium supplemented with sodium chloride at final concentrations ranging from 150 mM to 350 mM. Incorporation of radiolabel into proteins decreased with increasing NaC1 concentration; however, the ratio of viral to cellular protein synthesis remained relatively constant. Similarly, alteration of intracellular Na + and K + levels by treatment of infected cells with ouabain had little effect on the pattern of viral/cellular protein synthesis. Using monoclonal anti-E_, antibody to inhibit Na + influx, we demonstrated normal inhibition of host cell protein synthesis. We therefore conclude that MHV-induced shut-offof host translation is not mediated by changes in intracellular Na + concentrations.
INTRODUCTION
The coronaviruses have been associated with a variety of pathological conditions of the respiratory and gastrointestinal tracts and of the nervous system in a wide variety of animal hosts (Siddell et al., 1983) . Several strains of the murine coronavirus, mouse hepatitis virus (MHV), have been studied with respect to their ability to produce persistent infections in vivo and in vitro (Lucas et al., 1977 (Lucas et al., , 1978 Mizzen et al., 1983; Robb & Bond, 1979; Sorensen et al., 1980) . Much of the interest in persistent MHV infections stems from animal studies indicating similarities between MHV-induced neurological disease in rodents (Haspel et al., 1978; Nagashima et al., 1978; Sorensen et al., 1980; Weiner et al., 1973) and certain degenerative disorders of the human nervous system in which the aetiological agent remains unknown.
Studies in vitro in our laboratory have suggested that MHV persistence may be established in cells which are relatively resistant to MHV-induced cell membrane fusion (Mizzen et al., 1983) . The importance of cell fusion as a mechanism of virus spread is also indicated by studies documenting persistent MHV infection in vivo in the face of a continued neutralizing antibody response (Stohlman & Weiner, 1981 ; Sorensen et al., 1984) . The expression of membrane fusion by MHV thus represents both a cytopathic activity as well as a mechanism of virus dissemination. The viral glycoprotein responsible for membrane fusion has been shown to be the peplomer protein E2 (Collins et al., 1982) .
In addition to directly perturbing plasma membrane structure, MHV E2 expression might be expected to exert either direct or indirect effects on membrane permeability to certain cations. The alteration of intracellular monovalent cation levels (particularly Na + and K +) has been observed in lytic infections by several animal viruses (Carrasco & Smith, 1976; Hackstadt & Mallavia, 1982; Nair, 1984; Ulug et al., 1984) and is presumed to contribute to the cytopathic effects seen in the infected cells. It has been proposed that changes in plasma membrane permeability account for the altered intracellular cation levels (Carrasco, 1977) . Due to the high ratio of extracellular to intracellular sodium ions generally found in animal cell systems, increased membrane permeability will result in a net influx of sodium ions.
Since the expression of MHV-induced cell fusion determines to a large extent the outcome of infection, i.e. acute or persistent (Mizzen et al., 1983) , it is of interest to examine the possible occurrence of changes in plasma membrane permeability which might contribute to the overall cytopathology. For these studies, the lytic, fusogenic MHV infection of L-2 cells was chosen as a model system since the expression of membrane fusion is much higher than that seen in MHV infections of other cell lines (Mizzen et al., 1983) . Moreover, since L-2 cells are highly susceptible to MHV-induced inhibition of host cell protein synthesis (Hilton et al., 1986) they are very well suited to an examination of a possible relationship between membrane ion leakage and translational control in MHV infection.
METHODS
Cells, virus and culture conditions. Monolayer cultures of mouse L-2 cells (Rothfels et al., 1959) were cultured at 37 °C in MEM supplemented with 5~ foetal calf serum. The A59 strain (Manaker et al., 1961) Samples were analysed by SDS-PAGE followed by fluorography and scanned using a densitometer. Percentage incorporation into viral proteins was determined by integrative densitometry of the virus-specific proteins (E2, N and E~/PEa) as compared to the total.
Sodium influx induced by ouabain. The concentration of ouabain that would result in maximum Na ÷ influx was established using Z2Na+. Confluent monolayer cultures of L-2 cells in 24-well plates were incubated at 37 °C for 30 rain with various concentrations of ouabain (0 to 30 mM) in TBS. The monolayers were then incubated with Z~Na+ for 30 min at 37 °C, and harvested in 0-1 M-NaOH, for measurement of Na ÷ uptake. 
RESULTS

Membrane permeability to sodium ions during MHV infection
The integrity of the L-2 cell plasma membrane was examined during the course of high multiplicity MHV infection (m.o.i. 20) by measuring cellular uptake of 22Na+ (Fig. 1) . Also shown in Fig. 1 is a measure of cell fusion as indicated by the FI. The most dramatic increase in 2ZNa+ uptake occurred from 4 to 6 h p.i. This increase occurred over the same period in which expression of cell fusion became most evident (Fig. 1) , suggesting a possible correlation between membrane fusion and increased leakiness to extracellular sodium ions.
Inhibition of Na + permeability with anti-E2 antibody
Expression of membrane fusion activity is a function of the MHV E 2 glycoprotein at the plasma membrane (Collins et al., 1982) . Using MAbs against each of the three structural proteins of MHV (N, E1 and Ez) it was possible to demonstrate the requirement for E2 expression at the cell surface for both the activation of membrane fusion as well as for membrane leakiness to sodium ions (Table 1) . These studies were done independently of those used for Fig. 1 and show somewhat different levels of 22Na+.
Exposure of MHV-infected cells to MAbs directed against either the N or E1 proteins had no effect on either activity. One may speculate that perhaps a single epitope of the E2 glycoprotein is responsible for both activities. Alternatively, membrane leakiness to Na + may arise as a secondary consequence of Ez-induced membrane perturbation (prior to or during the fusion event).
In the control, treatment of mock-infected cells with any of the MAbs had no effect on Na + influx (Table 1) . 
Effect of hypertonic culture medium on MHV protein synthesis
Altered intracellular concentrations of Na ÷ have been implicated in translational control in certain virus infections (Benedetto et al., 1980; Garry et al., 1979) . The observed influx of sodium ions late in MHV infection suggested the possibility that changes in intracellular Na + concentrations may play a role in determining the extent of host translational inhibition observed in MHV infection. In order to examine this possibility, MHV-infected cells were cultured in various concentrations of NaC1 and protein synthesis was monitored by radiolabelling with [35S]methionine. Since MHV infection results in severe inhibition of host cell protein synthesis by 5 to 6 h p.i. (Hilton et al., 1986) , cultures were radiolabelled at an earlier time, i.e. from 4-5 to 4.75 h p.i. in order to examine the translation of both cellular and viral mRNAs. As shown in Fig. 2 , protein synthesis, as measured by total [35S]methionine incorporation, remained relatively unaffected at NaC1 concentrations between 150 mM and 200 mM; higher N aCl concentrations of 250 mM and 300 mM caused a reduction in protein synthesis to approx. 78~o and 40~, respectively, of that observed under 'standard' (150 mu-NaC1) conditions. Gel electrophoretic analysis of [3SS]methionine-labelled polypeptides synthesized in these cultures demonstrated the continued production of both cellular and viral polypeptides (Fig. 2a) , the relative proportions of which (Fig. 2b) did not vary appreciably between 150 and 300 mm NaC1. There is thus no evidence that altered intracellular NaC1 concentrations play a role in the switch from cellular to viral polypeptide synthesis in MHV-infected L-2 cells.
Effect of ouabain on protein synthesis in MHV-infected L-2 cells
Intracellular levels of Na + and K ÷ are regulated by a plasma membrane ATPase which is inhibited by the drug ouabain (Garrahan & Glynn, 1967; Glynn, 1968) . As a result, intracellular and extracellular concentrations of these two cations equilibrate, resulting in a net influx of Na + and a net efl]ux of K +. The efficacy of ouabain, at concentrations of 5 mra or greater, in inhibiting L-2 cell Na+/K + ATPase activity was verified by 22Na+ influx assay (Fig. 3) . In order to investigate the effects of ouabain-induced alterations in Na+/K + levels on translational control in MHV infection, MHV-infected L-2 cell cultures were treated with ouabain and radiolabelled with [35S]methionine (Fig. 4) . Surprisingly, the pattern of protein synthesis in MHV infection was little affected by ouabain treatment. This observation is especially significant because protein synthesis was monitored between 4 and 5 h p.i., i.e. before MHVinduced Na ÷ permeability changes became pronounced (Fig. 1) . It is therefore unlikely that alterations in intracellular Na+/K + concentrations play a significant role in contributing to the dramatic conversion from host to viral protein synthesis seen in MHV infection (Cheley & Anderson, 1981; Hilton et al., 1986) .
Effect of antibody-inhibited cell surface E z expression on protein synthesis in MHV infection
Expression of the MHV E2 glycoprotein at the surface of infected cells has been correlated with cell fusion (Collins et al., 1982) and with membrane permeability to Na + (present study). In order to confirm evidence presented so far that E2-induced membrane permeability changes do not play a role in translational control in MHV infection the following experiment was performed. Mock-infected and MHV-infected L-2 cell cultures were incubated in the absence or presence of anti-E2 antibody from 3 to 5.5 h p.i. and subsequently labelled with [35S]methionine for 30 min. As shown in Fig. 5 , the presence of antibody at a concentration sufficiently high to inhibit both cell fusion and Na ÷ influx (see Table 1 ) had no effect on the pattern of protein synthesis in MHV-infected cells.
D I S C U S S I O N
Intracellular levels of Na + and K + have been implicated in the regulation of cellular protein synthesis. Changes in the Na+/K + ratio within cells have been shown to result in decreases in the rate of DNA synthesis (Ledbetter & Lubin, 1977; Lubin, 1967) and protein synthesis (Cahn & Lubin, 1978; Christman, 1973; Panet & Atlan, 1979; Saborio et al., 1974) . Saborio et al. (1974) found that the incubation of HeLa cells in media containing high concentrations of NaC1 led to a breakdown of polyribosomes, although elongation and termination of nascent polypeptides proceeded normally. They, therefore, suggested that the complete inhibition of protein synthesis was probably due to inhibition of chain initiation. The addition of KC1 and NH4C1 to culture medium also results in similar inhibition (Oppermann et ., 1973) , suggesting that the inhibition of chain initiation is affected by the hypertonicity of the medium (Saborio et al., 1974) . Associated with many viral infections is a rapid inhibition of cellular protein synthesis, which in some cases has been correlated with changes in membrane permeability (Benedetto et al., 1980; Carrasco, 1977; Garry et al., 1979 , Ulug et al., 1984 , It has been suggested that changes in the levels of Na + and K + which result from alterations in membrane permeability may account for a selective inhibition of host cell protein synthesis. As an example, in cells lytically infected with Sindbis virus or vesicular stomatitis virus (VSV), the intracellular Na + concentration increased (from 20 mM to more than 60 mM) while the intracellular concentration of K + decreased (from 150 mM to less than 60 raM). These changes occurred simultaneously with a reduction in the overall rate of protein synthesis, and the selective inhibition of host protein synthesis, since the translation of virus-specified mRNAs is unaffected or enhanced at these cation concentrations (Garry et al., 1982) . Moreover, in other systems, evidence has accumulated that the mRNAs specified by a number of other viruses, including vaccinia virus (Oppermann & Koch, 1976) , adenovirus (Cherney & Wilhelm, 1979) , poliovirus (Saborio et al., 1974) and reovirus (Nuss et al., 1975) , are efficiently translated under altered ion conditions which selectively block cellular protein synthesis.
On the other hand many investigators have found that although a virus may induce changes in membrane permeability and an accompanying change in the levels of Na + and K +, this does not correlate with the inhibition of protein synthesis in infected cells (VSV, Francoeur & Stanners, 1978; poliovirus, Nair, 1981 ; encephalomyocarditis virus and human rhinovirus, Nair, 1984; Sindbis virus, Ulug & Bose, 1985) . Nair (1984) monitored the Na + and K + changes and cytotoxic effects in HeLa cells infected with encephalomyocarditis virus, human rhinovirus or VSV. In all three cases it was found that changes in Na + and K + levels followed viral inhibition of cellular protein synthesis, and therefore do not trigger shut-off of host cell protein synthesis. This result with VSV infection contradicts the findings of Garry et al. (1982) .
In many systems definitive resolution of the involvement of altered cellular ion concentrations in translational control has been lacking due to inherent difficulties in separating membrane permeability changes from other parameters of virus infection. In the case of MHV infection our finding that Ez expression is correlated with influx of Na ÷ into the infected cell provides a means by which MAb can be used to decouple membrane permeability changes from mechanisms contributing to translational control.
It is apparent from the results presented here that there is a dramatic Na + influx during the progression of cell fusion in MHV-infected L-2 cells. This influx does not play a role in the MHV-induced inhibition of host protein synthesis or allow preferential translation of viral mRNA. However, the virus-induced membrane permeability changes may still play a role in the cytopathological outcome of MHV infection.
